Imaging spectrometer data from the ISM instrument on Phobos 2 were used to characterize spatial variations in near-infrared spectral properties of the martian surface, to determine the correspondence between near-infrared and visible-wavelength spectral variations, and to assess lithologic variations in the surface materials. All data were radiometrically calibrated and corrected for effects of atmospheric gases using previously described methods. The data were also corrected photometrically to a standard geometry, and the estimated contribution of light backscattered by atmospheric aerosols was removed to isolate the reflectance properties of surface materials. At shorter near-infrared wavelengths, the surface varies between three major spectral types which correspond to known visible color units. Dark gray materials have 1-and 2-µm absorptions consistent with a pyroxene-containing lithology, and bright red dust has a shallow 0.9-µm absorption consistent with a poorly crystalline ferric mineralogy. Dark red soils are spectrally similar to dust although lower in albedo. In some cases their 0.9-µm ferric iron absorption is deeper and offset toward longer wavelengths than in dust. These attributes agree well with those determined in situ for comparable materials at the Mars Pathfinder landing site. At longer wavelengths, significant regional heterogeneities are observed in the slope of the spectral continuum and the depth of the 3-µm H 2 O absorption. The 3-µm band is stronger in bright red soils than in most dark gray soils, but the strongest absorptions are found in intermediate-albedo dark red soils. Observed spectral variations suggest the presence of at least four surface components, dust, pyroxene-containing rock and sand, one or more crystalline ferric minerals, and a water-bearing phase. These are broadly consistent with four surface components that have been inferred from ground-based, orbital, and landed spectral studies and from in situ compositional measurements. We also conclude from our analysis that most albedo and spectral variations result from the coating of dark mafic rock materials by bright ferric dust. Dark red regions, however, are inferred to have dust-like compositions but lower albedos, due in part to intermixture of a dark, crystalline ferric mineral. Both of these major conclusions are strongly supported by landed investigations by Mars Pathfinder. The layered materials in Valles Marineris are the only geologic formation with distinctive spectral properties, including an enhanced 3-µm H 2 O band and pyroxene absorptions which imply a mineralogy distinct from materials in the surrounding highlands. These properties provide important evidence for the layered materials' origins and are most consistent with mechanisms that involve volcanism restricted to the interiors of the chasmata.
INTRODUCTION
The mineralogic composition of the martian surface layer is key to understanding three important aspects of the planet's evolution. First, mineralogy of crustal materials provides information on the history of crustal formation and planetary volcanism. Second, mineralogy of alteration products provides information on past weathering environments and past climates. Third, mineralogic differences between different geologic formations allow insights into past geologic processes. Information on the mineralogic mineralogic composition of the martian surface layer comes from two primary sources, spectroscopic measurements and in situ elemental abundance measurements.
Spectroscopic measurements acquired from above the atmosphere were reviewed by Soderblom (1992) , Roush et al. (1993) , and Bell (1996) . They include three-color visible measurements from the Viking Orbiters, near-to mid-infrared data from the Mariner 6 and 7 Infrared Spectrometers (IRS), visible, nearinfrared, and mid-infrared data from ground-based, airborne, and Earth-orbiting telescopes, near-infrared data from the Imaging Spectrometer for Mars (ISM) on Phobos 2, and mid-and far-infrared data from the Infrared Interferometer Spectrometer (IRIS) on Mariner 9 (Hanel et al. 1972 ) and the Thermal Emission Spectrometer (TES) on Mars Global Surveyor (Christensen et al. 2000a (Christensen et al. , 2000b . Unique, extremely high spatial resolution visible and near-infrared multispectral images were also acquired from the surface by the Imager for Mars Pathfinder (IMP) (Smith et al. 1997 .
These diverse spectral data sets have led to broad agreement about some major attributes of the surface materials, but the overall weakness and subtlety of mineralogic absorptions has left key details unresolved. At visible wavelengths, the surface consists of three major color units, low-albedo dark gray soils, intermediate-albedo dark red soils, and higher-albedo bright red soils. The bright red soil has low thermal inertia, suggesting that much of it consists of thick accumulations of dust (Kieffer et al. 1977 , Christensen 1986 ). Its strong UV absorption edge and weak absorptions near 0.53, 0.66, and 0.86 µm are well fit by ferric oxides, occurring mostly in nanophase form with a small amount of a crystalline ferric phase. The crystalline phase is widely thought to be hematite (Adams and McCord 1969 , McCord et al. 1977 , 1982 , Singer et al. 1979 , Morris et al. 1989 , Bell et al. 1990 , Bell 1992 . At near-infrared (NIR) wavelengths, a strong absorption at 3 µm shows that some molecular water is present, probably bound as mineral hydrates (Moroz 1964 , Houck et al. 1973 , Pimental et al. 1974 . Absorptions due to silicates in the dust are weakly defined at best, suggesting poorly crystalline materials. Features purportedly identified in different data sets are located at ∼2.25, 2.35, and 2.40 µm, and have been attributed to clays of mixed composition including Al-bearing phases (Bell and Crisp 1993 , Murchie et al. 1993 , Beinroth and Arnold 1996 , Mg-bearing clay (Singer et al. 1985) , scapolite (Clark et al. 1990) , or hydrous carbonates (Calvin et al. 1994) .
Dark gray soils are somewhat more well-understood. NIR telescopic and ISM data have shown that dark gray regions exhibit 1-and 2-µm absorptions diagnostic of pyroxene (Singer et al. 1979 , Mustard and Sunshine 1995 , 1996 . Systematic differences in the positions of these two absorptions indicate diversity in pyroxene composition (cf. Adams 1974, Cloutis and Gaffey 1991) . For most dark gray regions, the band positions suggest a range of 2-pyroxene basaltic composition comparable to that of SNC meteorites , Mustard and Sunshine 1995 , 1996 . At the Mars Pathfinder landing site, IMP spectra show that there is a similar diversity of mafic rock types. Most rocks have a longwavelength 1-µm band suggestive of a composition rich in highFe clinopyroxene . However, a minority of the rocks at the site have a deep, shorter-wavelength absorption consistent with a more magnesian clinopyroxene . TES data indicate the presence of single-pyroxene, clinopyroxene-rich basalts in other regions including Terra Cimmeria (Christensen et al. 2000b) . The spectral properties of dark gray regions may thus be summarized as evidencing basalt-like rock with some variations in composition.
Dark red soils, though intermediate in albedo, appear from the limited spectral measurements available to be ferric in nature like bright red dust. ISM spectra of the two largest "classical" dark red regions (Oxia and Lunae Planum) reveal 0.9-µm absorptions comparable to those in bright red dust but with a longer wavelength center (Murchie et al. 1993 , Murchie et al. 1996 , Mustard 1995 . IMP spectra from the Mars Pathfinder landing site also show that dark red soils are grossly similar spectrally to bright red dust, although darker and with a 0.9-µm absorption distinctly deeper than in the dust (Smith et al. 1997 .
In situ measurements of surface materials were acquired by the Viking Landers and Mars Pathfinder. In addition, the basaltic SNC meteorites are thought to originate from Mars and to serve as proxies for dark gray rocks. The dust and soils at all three sites are similar in their elemental abundances (Toulmin et al. 1977 , consistent with the prevailing hypothesis that martian dust is well-mixed by winds (e.g., Greeley et al. 1992) . The major elemental abundance variation appears to be the relative abundance of sulfate salts VanHart 1981, McSween 1999) . Elemental abundances in the bright and dark red soils are indistinguishable, indicating that only a slight mineralogic difference may create the observable spectral difference (Rieder et al. 1997 .
In summary, the current evidence for mineralogy of the martian surface layer has clear implications for the three key geologic questions identified. (1) Dark gray materials appear to be mafic crustal materials and sediment derived from them.
(2) Bright and dark red materials have similar compositions consistent with weathered basalt, perhaps reflective of averaged source-region compositions. Minor spectral differences are caused by slight differences in the mineralogy or crystallinity of ferric minerals. (3) There is little or no correspondence of spectral variations with individual geologic deposits. This suggests that most rock units are similar in composition, hidden by homogenized surface materials, or some combination of both.
In this paper we present a detailed analysis of ISM spectra to determine how they constrain the second and third issues regarding the surface layer, the composition of altered soils and the lithologic differences among geologic deposits. The geographic regions covered in this study are shown in Fig. 1 . Specific groups of questions addressed include:
• Are the bright red, dark red, and dark gray color units uniquely indicative of distinctive groups of soils? Or does each visible-color grouping really represent a collection of spectrally distinct materials that merely resemble each other at visible wavelengths?
• What mineralogic components are required to explain observed spectral variations? To what extent is the "classical" twocomponent bright dust/dark mafic rock and sand model correct (e.g., Christensen and Moore 1992) , or are other components required? If so, how do additional components suggested by ISM data compare with those suggested by remote sensing at other wavelengths and by in situ analyses?
• Are any spectrally distinct soils related to underlying geologic units? If so, do the spectroscopic properties of the soils contain evidence for the lithology or genetic mechanisms of the geologic formations?
We analyzed the spectral properties of a representative portion of the martian surface observed by ISM (Tharsis, Valles Marineris, Arabia, and Syrtis Major-Isidis). The focus of our work, bright and dark red altered materials, complements the focus of Mustard and Sunshine (1995, 1996) on dark gray materials and the evidence from their mafic mineral absorptions for martian igneous evolution. Our work also complements ongoing remote sensing studies of the martian surface using data from different speacecraft. Because ISM overlaps the wavelength coverage of IMP in the mineralogically crucial 1-µm wavelength region, our analysis helps constrain the relationship between globally distributed materials and the materials measured in situ by Mars Pathfinder . And because ISM covers a different wavelength range than TES, its sensitivity to different absorption features provides complementary determinations of surface compositional variations.
The remainder of this paper is divided into four sections. First, procedures for ISM data calibration, registration, and correction are summarized, and the analytical techniques used to evaluate spectral heterogeneity are described. Second, the data reduction and analysis techniques are evaluated step-by-step to identify and to bound sources of error. We show that uncertainties in the reduced data are small compared with the observed spectral heterogeneity and that results of our analysis are relatively insensitive to errors in corrections for the atmosphere and aerosols. Third, we examine the NIR spectral properties of the surface layer. Greater complexity is found than is evident at visible wavelengths. Observed NIR spectral heterogeneities can be explained by different relative abundances of at least four distinct mineralogic components, the canonical dust and mafic components plus a water-containing component and a low-albedo ferric component. These compare closely to four analogous components that have been inferred from ground-based and landed spectroscopy and from in situ compositional analyses. Fourth, we consider in greater detail three key surface materials: (a) bright red and dark gray soils, which dominate most regions of the surface; (b) dark red soils, which consistently exhibit a highly ferric spectral signature like dust, but an enhanced 3-µm absorption due to H 2 O; and (c) the layered deposits of Valles Marineris, the only observed region with spectral heterogeneities that correlate spatially with geologic formations. We also compare our work with results from in situ investigations, especially on Mars Pathfinder. The landed investigations strongly support two major conclusions from the ISM data, that the bright red and dark gray units are physical mixtures of ferric dust and mafic rock and that the dark red unit is compositionally related to bright red dust.
DATA REDUCTION AND ANALYSIS
ISM was a scanning grating spectrometer covering the wavelength range 0.76-3.16 µm. It measured eleven image cubes or "windows" in the martian equatorial region in February-March 1989. Two of the eleven windows were measured near periapse of an elliptical transfer orbit, and they cover small regions of the Tharsis plateau at ∼5 km/pixel. The other nine were measured from the orbit of Phobos at ∼22 km/pixel. The ISM instrument and its returned data are described in detail by Bibring et al. (1990) .
Six of the lower-resolution ISM windows were used in this study. They cover the eastern slope of the Tharsis plateau, Valles Marineris, Arabia, Syrtis Major, and Isidis (Fig. 1) . These data are well matched with our questions about composition of altered materials and the relationship of spectral heterogeneities to underlying geology. The data cover wavelengths containing mineralogic absorptions due to Fe minerals and H 2 O-and OHcontaining phases, all potentially important constituents of the surface layer. They have an image format with spatial resolution adequate for assessing the relationships with underlying geology. And the data cover all three visible color units as well as geologic units that span nearly the whole martian stratigraphic column (Scott and Tanaka 1986 , Greeley and Guest 1987 , Tanaka et al. 1992 . Bright red dust occupies nearly the entirety of the Tharsis plateau and much of Arabia. Dark gray soils occur in the eastern part of Valles Marineris (Eos and Capri Chasmata), in Margaritifer Terra, Sinus Meridiani, and Syrtis Major Planum. Dark red soils occur in both Oxia and Lunae Planum (Fig. 1a) .
The remaining windows were not used because their coverage is almost entirely within the Tharsis dust region, which exhibits little spectral contrast.
Radiometric Calibration
Most steps involved in the radiometric calibration of ISM data have been described previously , 1994 : (a) subtraction of dark current; (b) correction for instrumental gain settings; (c) removal of spectral order overlaps; (d) preliminary radiometric calibration using results from onground instrument characterization; (e) division by the solar spectrum; and (f) refinement of the relative radiometric calibration of different channels.
The refinement of radiometric calibration is driven by the fact that ISM operated inflight at temperatures as low as −77
• C, outside the temperature range at which it was radiometrically calibrated onground (above −70
• C). Recalibration utilizes ISM observations of several large, homogeneous regions that have been well characterized in telescopic data (Syrtis Major and Amazonis, dark and bright areas, respectively; McCord et al. 1982) . In ISM's second spectral order (0.76-1.51 µm), the plausible mineralogic absorptions are broad, smooth features due to Fe minerals which are measurable in the telescopic spectra. In this spectral region both gain and offset corrections were derived from empirical line fitting of ISM measurements of the dark and bright reference areas to the telescopic reflectances of the same regions . These were then applied to the ISM data. The physical mechanism justifying the gain correction is instrument performance outside of its calibrated temperature range. The most probable physical explanation for the offsets is an additive signal from scattered light. Scattered light arises from up to 20 fields-of-view away or more, as evidenced by detection of martian atmospheric absorptions on the disk of Phobos while it occulted Mars (Bibring et al. 1990) . A secondary source of offset could be unremoved, time-variable dark current. The dark current was measured before and after each window, but it could have drifted between times of measurement.
A modified approach is required for the first spectral order (1.64-3.16 µm) because altered, bright soils may exhibit weak, narrow absorptions in this wavelength region due to clays, carbonates, or other minerals. Such weak features may not be evident in the telescopic data, and "fitting over them" would create spectral artifacts in the ISM data after derivation and application of gain and offset corrections. Because the occurrence of such weak, narrow absorptions is least likely in minimally altered regions, the dark gray region Syrtis Major was used alone to derive gain corrections.
Beyond 2.6 µm, telescopic spectra of the reference areas were unavailable at the time the recalibration procedure was derived. ISM measurements of the martian moon Phobos were therefore used to provide continuity in radiometric calibration from the shorter wavelengths out to 3.16 µm. Phobos is well-suited for this purpose because it exhibits no evidence of absorptions in this wavelength range (Bell et al. 1989 , Rivkin et al. 2000 . For calibration purposes, the spectrum of Phobos at these wavelengths was assumed to be featureless with the low slope typical of anhydrous chondrites (Erard et al. 1994) .
Since this method of recalibrating the ISM data was derived, only one significant modification has been required. Eight of the eleven ISM windows, including both windows covering the calibration reference areas and five of the six used in this study, were measured at similar detector temperatures of −76 to −77
• C. Spectra of dust in these windows are nearly identical, suggesting stable instrument performance. However, three windows were measured at warmer detector temperatures near −71
• C, including the one covering Arabia (used in this study) plus the two high-resolution windows over Tharsis. Comparison of observations of the same part of Tharsis at different detector temperatures showed that responsivity at wavelengths ≤1.1 µm varied several percent with temperature. To correct this effect, the measurements of Tharsis dust at two detector temperatures were used to derive the temperature-dependence of instrumental response. This correction was then applied to the Arabia window.
Spatial Registration
The lines-of-sight of the first and second spectral orders are slightly offset due to detector configuration in the instrument . Utilizing all of the ISM windows, we determined the best-fit pointing offset to be one pixel in the downtrack (east-west) direction and one pixel in the scan direction (northwest-southeast). We registered the two spectral orders, and in further analyses used only the portions of the windows with complete spectral coverage in both orders.
Internal to the data, there are also sub-pixel differences in the lines-of-sight between spectral channels in the same order . Erard et al. partially corrected for this "misregistration effect" using pixel resampling. However, this technique leaves systematic artifacts in some channels at sharp albedo boundaries. To minimize effects of such artifacts in this study, the data were low-pass filtered at 3 × 3 pixels (∼66 × 66 km) prior to analysis. In addition, areas near the sharpest boundaries were neglected in subsequent analysis to prevent false identifications of "new" materials.
All six windows were registered with the Viking Digital Elevation Model (DEM) using Phobos 2 and ISM pointing information, augmented by spatially correlating maps of the depth of the 2.0-µm CO 2 absorption with the DEM. Subsequent comparison with Viking image mosaics of the same areas showed that ISM data are registered accurately to ≤1 pixel (≤22 km) in areas with significant topographic relief (e.g., Valles Marineris) and ∼2 pixels (∼44 km) in flat areas such as Tharsis.
Corrections for Atmospheric and Photometric Effects
Illumination and viewing geometries and the elevations of measured regions have four major effects on ISM spectral measurements ( Fig. 2a) : variation in strengths of absorptions due to atmospheric gases, photometric variations in the brightness of the surface, variations in the fraction of measured light that is backscattered by atmospheric aerosols, and attenuation of incident irradiance and surface reflectance by the aerosols. In order to compare quantitatively materials observed at different geometries and through different atmospheric path lengths, corrections for these effects must be made. Kirkland et al. (1997) ; the solid line is a second-order polynomial fit. (c) Spectra of bright and dark regions observed in overlapping ISM windows at different geometries, before photometric and aerosol corrections (heavy lines) and after corrections (fine lines).
Atmospheric gases. The spectral contribution of atmospheric gases was partially removed using the procedure described by Erard et al. (1991) . A spectral model of the atmosphere was constructed based on measurements of the summit and base of Pavonis Mons. This 18-km-high shield volcano is spectrally uniform except at wavelengths inside strong CO 2 absorptions, so that a ratio of spectra of the base and summit measures the increase in strength of atmospheric gas absorptions over the difference in atmospheric path lengths. For any given spectrum, extinction due to atmospheric gases is modeled by scaling strengths of absorptions in the Pavonis Mons ratio spectrum linearly in logarithmic space with the strength of the 2.0-µm CO 2 absorption. A measured spectrum is divided by the model atmospheric spectrum to "restore" surface reflectance properties as they would appear in the absence of atmospheric gases. Because aerosol backscattering accounts for ≤5% of the measured radiance at wavelengths of atmospheric absorptions except at 2.7 µm (see below), its effects were neglected during atmosphere removal.
Photometric and aerosol effects. Photometric and aerosol effects are intimately coupled because the martian phase function, as measured from space, includes contributions from both surface materials and atmospheric aerosols. Isolating the properties of the surface materials is greatly simplified by a discovery made early in analysis of ISM data. As measured by the slope of the reflectance spectrum ( R/ λ), the magnitude of aerosol backscattering is nearly independent of the elevation of the surface. There is no significant increase in spectral slope down the flanks of the Tharsis volcanoes or over the escarpment at the edge of Valles Marineris. Such a relationship of spectral slope with topography would have to occur if aerosols occur uniformly throughout the atmospheric column, but this is not observed. Instead, over deposits of similar albedo but different elevation, such as dust on the Tharsis plateau, spectral slope is correlated with the secant of the emission angle-that is, with path length through a uniform layer in the atmosphere. On the basis of this behavior, martian atmospheric aerosols were proposed to occur predominantly in a uniform haze (Drossart et al. 1991 , Erard et al. 1994 . A high altitude for the haze is favored by the continuity of spectral slope measurements over the Tharsis volcanoes (cf. Rodin et al. 1997) . Obviously, discrete clouds represent departures from this simple model and would constitute concentrations of aerosols either within or outside of a haze layer.
The NIR spectrum of martian aerosols which we used was derived from ISM data by Kirkland et al. (1997 Kirkland et al. ( , 2000a . Using deposits of dust in Tharsis as a reference material, they derived wavelength-dependent k coefficients to the Minnaert photometric function using observations at different incidence and emission angles. The Minnaert function, typically used for Mars (e.g., Erard 1995 , Bell et al. 1997 , has the form
where R is measured reflectance, R 0 is normal albedo, i is incidence angle, and e is emission angle. Kirkland et al. (1997 Kirkland et al. ( , 2000a found that k increases with wavelength from ∼0.6 near 0.77 µm, and converges toward ∼0.87 at ≥2.5 µm. Kirkland et al. inferred that the wavelength dependence of k is predominantly due to wavelength-dependent backscattering by aerosols, and that the convergence toward k = 0.87 at longer wavelengths indicates that aerosols' effects become nearly constant there. Kirkland et al. applied to the Tharsis dust spectra a wavelengthindependent Minnaert correction with k = 0.87 plus an opposition correction with the form
where g is the phase angle. The empirical constants a (0.371), b (−0.00185), and c (0.0725) are derived at ≥2.5 µm, where aerosol effects are relatively unimportant. They then examined the emission-angle dependence of photometrically corrected reflectance of the surface dust plus overlying aerosols. At shorter wavelengths, corrected reflectances were found to be highly correlated with the secant of the emission angle-that is, correlated with path length through a uniform layer of aerosols. They inferred that the emission-angle-dependent part of the reflectance spectrum is due to aerosols. The spectrum in Fig. 2b represents this aerosol reflectance spectrum, with a magnitude extrapolated to a phase angle of 20
• and an emission angle of 0 • . We used the results of Kirkland et al.' s work to correct ISM data for both photometric and aerosol effects, and to standardize reflectance to a geometry of 20
• incidence angle, 0
• emission angle, and 20
• phase angle. First, radiometrically calibrated data were corrected using a Minnaert function with k = 0.87, independent of wavelength. Second, a correction for the opposition effect was made as described above. Third, a smoothed spectrum of atmospheric aerosols (a second-order polynomial fit to Kirkland et al.'s results, Fig. 2b ) was subtracted from the data, after the scaling of its magnitude to that expected at sec(e) and 20
• phase angle. Finally, assuming that both incident solar irradiance and outgoing surface reflectance are attenuated by aerosol backscattering, surface reflectance was derived as
where R is photometrically corrected, aerosol-subtracted reflectance, R S is the reflectance of the surface as it would appear if illuminated by unattenuated solar irradiance, and h is the idealized aerosol backscattering spectrum shown in Fig. 2b . The effects of photometric correction and aerosol removal on ISM data are illustrated in Fig. 3 , for representative spectra of surface materials having a range of albedos. These results are extremely similar to aerosol-corrected spectra derived by Erard et al. (1994) . Figure 3a , before corrections, shows properties typical of Mars in telescopic measurements, particularly a more negatively sloped continuum for lower albedo materials. In Fig. 3b , after photometric correction and aerosol removal, several changes are apparent (Erard et al. 1994) : (a) the contrast between bright and dark regions at 1 µm increases from a factor of three to a factor of four; (b) the increasingly negative spectral slope with decreasing albedo disappears; and (c) the 1-µm absorption appears stronger, especially in lower-albedo materials, because it is no longer "drowned out" by light backscattered by aerosols.
Parameterization of Spectral Properties
Most of the variance in ISM spectra is related to albedo variations (Bibring et al. 1990 . More lithologically significant spectral variations, in the depths and positions of mineralogic absorptions and in the slope of the spectral continuum, account for only a small part of variance in the data. The significant sources of variance were therefore isolated for further analysis by representing them as five synthetic spectral "parameters" (Fig. 4) . These include reflectance, slope of the spectral continuum, and depths of three mineralogic absorptions.
FIG. 4.
Composite visible-NIR spectra of representative bright and dark regions, modified from Murchie et al. (1996) . ISM data are shown with solid dots. Dashed lines represent the gap in wavelength coverage between the first and second ISM spectral orders, plus wavelengths of the strongest atmospheric absorptions (2.0, 2.7 µm) within which surface properties were not analyzed. Solid lines represent spatially overlapping regions measured at visible wavelengths (Merenyi et al. 1996a,b) . Annotations show the spectral features parameterized in this study.
Reflectance was represented as the average of photometrically corrected reflectance (R S ) in three channels near 1 µm. If the surface is predominantly a mixture of bright red dust and dark gray rock and sand, reflectance is expected to show some relationship to mineralogic composition.
Spectral slope was represented as the change in reflectance over the wavelength interval 1.7 to 2.5 µm ( R S / λ) or
Greater values of this parameter correspond to more steeply negatively sloped continua. In the surface materials, the style of mixture of ferric components with an underlying dark substrate affects spectral slope. The NIR spectral continuum for uncompacted ferric particles much larger than a wavelength of light is nearly flat, as is the continuum of dark, coarse particulates. However, due to wavelength-dependent transparency and scattering by the ferric particles, an intimate mixture of the same two components has a negative spectral slope (Morris and Neely 1981) . The same effect is observed where ferric material coats a dark substrate, such as with an oxidized weathering rind or a coating of windblown dust Roush 1983, Fischer and . For mineralogic absorptions, the general representation of band depth is
where R S,λ is the reflectance at the center of the absorption and R * S,λ is the interpolated continuum reflectance. We represented the 2-µm pyroxene absorption using a band center of 2.15 µm and a continuum that was interpolated linearly between 1.7 and 2.5 µm. The latter wavelengths are on the wings of the absorption, and 2.15 µm is the typical band center wavelength for martian dark regions (Mustard and Sunshine 1995, 1996) . For 3-µm H 2 O band depth, reflectance within the absorption was calculated using the average of three channels near 3 µm. The continuum was taken as the reflectance at 2.5 µm. Among the weak absorptions purportedly existing at 2.2-2.3 µm, only the ∼2.2-µm feature of Bell and Crisp (1993) has been identified in ISM data (Murchie et al. 1993, Beinroth and Arnold 1996) . For this feature we assumed a band center of 2.20 µm, and the continuum was extrapolated linearly between 2.15 and 2.30 µm. Depths of the 3-µm H 2 O band range from 0.49 to 0.63; the minimum depths of the 2-µm pyroxene band and the 2.2-µm band are slightly negative. For the broad pyroxene band, slightly negative values in bright red dust are attributable to curvature of the spectra approaching the 3-µm region. For the 2.2-µm band, the magnitude of slightly negative values in dark gray regions with the weakest absorption (typically −0.002) likely represents residual systematic calibration error. Consistent with this explanation, the effective uncertainty in 2.2-µm band depth is near 0.003 (Table II; see Section 3.3).
Characteristics of the 1-µm Fe absorption are difficult to determine accurately from ISM data in an automated fashion. Simple parameterizations like those above have limited physical significance, because this feature actually contains multiple superimposed absorptions from ferric and ferrous minerals. More rigorous techniques such as Gaussian modeling (Mustard and Sunshine 1995, 1996) are difficult to implement without data having an even higher spectral resolution and signal-to-noise ratio. We therefore did not characterize this feature in a parameterized fashion, but rather used it to help determine the distinctiveness and lithology of the spectral groupings discerned using the other parameters. To do this, representative spectra of each grouping were extracted, the depth and position of the 1-µm absorption were characterized, and the results were compared with the known properties of minerals.
In order to assess the independence of derived surface properties from atmospheric path length, we also calculated the depth of the 2-µm CO 2 band. This was done using calibrated data, of course without correction for atmospheric gas absorptions.
Intercalibration of Separate Windows
Upon calibration, parameterization, and map projection of the data, synthetic images of reflectance and spectral slope yielded nearly seamless mosaics. However, small but abrupt differences in strengths of the 2-µm pyroxene, 3-µm H 2 O, and 2.2-µm metal-OH bands appeared across the windows' boundaries. This is in contrast to smooth continuity within the windows. These inter-window differences are equivalent to wavelengthdependent differences in absolute reflectance of typically 0.3% or less, but accounting for them is critical to meaningful analysis of the whole data set. In the case of 3-µm H 2 O band depth, the inter-window variations appear to be related to phase angle. Increasing phase angle is known from previous work to increase apparent absorption band depths (Pieters 1983) . To quantify the effect of phase angle on the 3-µm band, we examined spectra of Tharsis dust deposits with a 2.3-µm albedo of >0.3 observed at a range of phase angles of 1
• -18
• . Figure 5 shows that 3-µm band increases with phase angle, especially at low phase angles. For the 2-µm pyroxene and 2.2-µm metal-OH bands the inter-window differences in band depth are much smaller, typically 0.5% or less, and no phase angle dependence is evident. Possible explanations for these inter-window differences include instrument effects such as unremoved dark current or scattered light. To intercalibrate the parameterized measurements of each window, inter-window corrections were applied. Although the phase angle dependence of the 3-µm band depth could have been corrected using a multiplicative correction to reflectance, this can be approximated with an offset provided that the correction is small, such as the required ≤2%. Offset corrections are also appropriate for unremoved dark current effects. To determine the corrections we used the extensive deposits of bright red dust as a reference material. In each window, a homogeneous deposit with a 2.3-µm high albedo of 0.28-0.30 was identified and its spectral parameters were extracted. The window containing Syrtis Major was used as the standard because it contains the primary reference region for ISM data calibration (Syrtis Major). In the remaining windows, offsets were applied to equalize the parameters for their dust to those of dust in the Syrtis window. These intercalibrations yield a high degree of continuity in parameterized spectral properties across window boundaries at all albedos ( Fig. 1 ).
Analysis of Spectral Heterogeneity
We used principal components analysis (PCA) to isolate the underlying sources of variation in the NIR spectral properties of the surface, and to define groupings of similar surface materials into spectral units. In this type of covariance analysis, spectral variations are represented as weighted contributions to each pixel (or "loadings") of eigenvectors of the data ("principal components"). Pixels with similar loadings have similar spectral properties. In principle the eigenvectors describe the signatures of underlying lithologic variations, but interpreting them requires geological insight. The principal components are listed in Table I , and their loadings are mapped in Fig. 1f .
Previously, Erard (1995) performed PCA of parameterized ISM data. Our approach differs from that one in two ways. First, Erard did not intercalibrate the different windows, so that results from each window are not directly comparable. Second, we normalized each spectral parameter to its total range of variation, by expressing it in units of its own standard deviation. This can be justified because numerically larger variations (e.g., 20% in 3-µm H 2 O band depth) are not more important indicators of soil lithology than are parameters with numerically smaller variations (e.g., 5% in pyroxene band depth). Erard instead normalized each parameter to its estimated SNR, imparting a dependence on instrument sensitivity at different wavelengths. In comparison, the method used here produces no weighting of spectral parameters related to instrument sensitivity.
ERROR SOURCES AND ANALYSIS

Radiometric Calibration
ISM data compare favorably with measurements of the same regions of Mars in independent data sets. At wavelengths ≤1.1 µm. Mustard and Bell (1994) compared ISM spectra with well-calibrated ground-based measurements of spatially overlapping regions. The ISM and ground-based measurements are highly correlated (r > 0.9) with no obvious wavelengthdependent departures. Murchie et al. (1999) compared ISM spectra of Phobos with measurements from IMP at ≤1.0 µm and found similarly good agreement.
At longer NIR wavelengths, Rivkin et al. (2000) found close agreement between >2-µm ISM spectra of Phobos and independent telescopic measurements. Erard and Calvin (1997) compared ISM data at >2.2µm with spatially overlapping Mariner IRS spectra and found close agreement at 2.2-2.6 µm. However, the IRS spectra exhibit a ∼15% stronger 3-µm H 2 O band than is present in ISM spectra. This is plausibly an effect of the phase-angle dependence of the 3-µm band depth (Section 2.5), though the issue remains open. IRS data were acquired at phase angles of 39
• -84
• , compared to <18
• for ISM data. The large differences in phase angle between the two data sets makes intercomparison of the phase angle dependence of the 3-µm H 2 O band in the two data sets somewhat problematic.
Atmospheric and Photometric Corrections
Atmospheric gas correction. The simple procedure we used to remove atmospheric gas absorptions assumes non-saturated absorptions, and it does not take into account temperature and pressure depedencies of band shapes or spatial variations in the mixing ratios of minor species. We nevertheless used this procedure because, unlike rigorous radiative transfer modeling, it does not require highly accurate knowledge of temperature, pressure, and mixing ratio profiles with altitude. Weak atmospheric absorptions near the 1-µm Fe band are consistently removed without artifacts evident above the noise in the data. However, there are artifacts around 2.7 µm where the very strong CO 2 absorption is saturated at lower surface elevations, and near the wings of the strong 2.0-µm CO 2 absorption.
In order to minimize effects of these artifacts, our analysis was restricted to channels away from the centers of the strongest atmospheric absorptions at 1.4, 2.0, and 2.7 µm. Several of the wavelengths we used are entirely outside significant atmospheric absorptions, including the three channels near 1 µm used to parameterize albedo, the 1.7-µm channel used to calculate spectral slope and to define the short-wavelength shoulder of the pyroxene absorption, and the three channels at the center of the 3-µm H 2 O absorption. However, all three channels used to define the 2.2-µm band, the 2.15-µm channel near the center of the pyroxene absorption, and the 2.5-µm channel used to define spectral slope and the shoulders of the pyroxene and H 2 O absorptions are all within the wings of CO and CO 2 absorptions at 2.0, 2.35, and 2.7 µm. We carefully analyzed the relationship of each spectral parameter to the depth of the 2.0-µm CO 2 absorption, to determine if significant atmospheric artifacts remained. Two methods were used.
First, as shown in Fig. 6 , the values of all five parameters were compared directly with the 2.0-µm CO 2 band depth to assess the occurrence of strong artifacts. None of the five parameters is meaningfully correlated with the 2.0-µm CO 2 band depth. Unusually high 1-µm albedos and low 2-µm pyroxene band depths do occur at low CO 2 band depths, but this is due to the predominance of high-albedo, bright red dust at the highest elevations studied (in the Tharsis plateau). Any atmospheric artifacts must be small compared with instrinsic variations in surface materials.
Second, as described in Section 4.2, the values of each of the five principal components were compared with the 2.0-µm CO 2 band depth. The fourth principal component (PC4), which explains <4% of the variance in normalized spectral parameters, is correlated with the 2-µm CO 2 band depth even though that parameter was not an input to the analysis. PC4 accounts for small atmospheric artifacts that were unrecognized previously, a slight strengthening of both the 2.2-µm band depth and the 2-µm pyroxene band depth with increasing atmospheric path length. These artifacts arise from over-removal of the 2-and 2.7-µm CO 2 absorptions. The short-wavelength shoulder of the 2.2-µm band and the long-wavelength shoulder of the pyroxene band are both artificially elevated, yielding an artificial inflation of band depths. To remove these atmospheric artifacts from further analysis of surface spectral properties (Section 4.3), we utilized the other principal components and neglected PC4.
Photometric and aerosol effects. There are five possible sources of uncertainty in the photometric and aerosol corrections we used. First, all reflectance data (including contributions both from the surface and from aerosols) were corrected photometrically using the phase function derived for Tharsis dust. Nondust surfaces and aerosols may exhibit different photometric behaviors. Unfortunately, ISM did not return a sufficient range of measurements of dark regions to formulate separate phase functions for different materials.
Second, aerosol removal was performed assuming a perfectly uniform aerosol layer. In fact, there are spatial variations in aerosol opacity of ±20-30% as shown by both Erard et al. (1994) and Kirkland et al. (2000b) . These should correspond to differences of 0.01-0.02 in 1-µm reflectance. The combined errors from the photometric correction and from this simplified aerosol model can be bounded by comparing fully corrected spectra of the same region that were measured at different times and geometries. Figure 2c shows two examples, a bright region (Tharsis) observed at divergent emission angles and a dark region (Melas Chasma) observed through an unusually long atmospheric column. The bright region spectra, especially, differ significantly in their uncorrected reflectances because of their different photometric geometries. After correction each pair of spectra agrees to within 1% reflectance, consistent with the level of artifacts expected from differences in aerosol opacity. The residual is small compared to the 25% albedo variation observed between the brightest and darkest surface regions.
Third, there may be discrete water-ice clouds. If present, clouds might be recognized as discrete patches with an enhanced spectral slope and possibly a stronger 3-µm H 2 O band. If observed more than once, the spatial patterns in these two parameters should be time-varying. Several regions with enhanced spectral slope correspond with well-known albedo or color features and can be attributed to surface materials. These include eastern Syrtis Major, Sinus Meridiani, and the small deposit of dark material northwest of Sinus Meridiani. Several spots in Tharsis with enhanced spectral slopes do not correlate with major albedo features, and these were identified as candidates for optically thin clouds. Their locations were compared with the Viking red-albedo image mosaic acquired over 10 years earlier and were found to correspond with surface deposits having long-lasting elevated visible-wavelength albedos (Fig. 7) . These patches, too, are attributable to surface materials.
Only two regions are strongly suspected of having optically thin clouds during their measurement by ISM. The first region is Pavonis Mons. In the window we used which covers it, there is no evidence for cloud-like properties. However, one of the three windows we did not use overlaps Pavonis, and in that window Pavonis is overlain by a circular patch with enhanced spectral slope and 3-µm band depth. This cloud does not pertain to our analysis because it does not occur in the data we utilized. The second region is the eastern half of Candor Chasma. There, both spectral slope and 3-µm band depth show mismatches between adjacent windows. The data covering western Candor show a smooth continuity between windows, such that western Candor appears cloud-free. We therefore exclude eastern (but not western) Candor Chasma from further analysis.
Fourth, as described earlier, the depth of the 3-µm H 2 O band is weakly related to phase angle. We did not attempt to correct for this effect within single windows because it is so poorly understood and likely material-dependent. Uncorrected phaseangle dependence can lead to band-depth variations of ±1% out of the 20% range observed.
Fifth, our aerosol spectrum lacks well-defined absorptions at any wavelength due to ferric minerals, silicate minerals, or water ice (Fig. 2b) . The aerosols should exhibit ferric and H 2 O features if they are equivalent to surface dust. The lack of well-defined aerosol absorptions is strongly corroborated by complementary measurements made from Mars Pathfinder and by the IRS spectrometer on Mariner 6. IMP spectra of sky radiance show that aerosols lack the visible and NIR ferric mineral absorptions present in dust on the surface (Thomas et al. 1999; Bell et al. 2000) . Bell et al. in fact concluded that aerosols must be distinct from dust on the surface. IRS observed several regions more than once at different emission angles and atmospheric path lengths, and found no variations in H 2 O band depths at either 3 or 6 µm. This corroborates the lack of an aerosol 3-µm band in ISM data. Aside from effects of scattered water-ice clouds, variations in 3-µm band depth must therefore be attributable to surface materials (Kirkland et al. 2000b) . Mars Pathfinder and IRS results corroborate the aerosol spectrum we have used in data reduction, and results from all three data sets show that spectral models of martian aerosols are due for reconsideration.
In their earlier analysis of aerosols from ISM spectra, Erard et al. (1994) found possible water-ice bands near the limits of detectability. The data they used cover the suspected cloud occurrence in Pavonis Mons, possibly yielding a spectrum of aerosols plus a discrete cloud instead of a cloud-free spectrum.
Errors in the atmospheric opacity that we assumed for aerosol removal would be manifested as errors in 1-µm albedo or spectral slope. Few to no artifacts are expected in parameterized band depths, because of the featureless shape of the aerosol spectrum and because of the low atmospheric opacity at the >2-µm wavelengths of the bands. The only possible artifact in band depths would be in the 3-µm band in areas of unrecognized water-ice clouds.
Effects on Data Analysis
The uncertainties discussed above can all propagate to the steps of spectral parameterization and PCA. Their summed effects were estimated in three ways. First, worst-case "effective uncertainties" in spectral parameters between different windows were determined by measuring the RMS differences between spatially overlapping observations acquired at different times. Overlaps occur in Tharsis, Melas Chasma, Candor Chasma, and the intervening plateau. These regions exhibit the full range of spectral heterogeneity in the data, they were observed at radically different emission angles, and they cover nearly the full range of elevation differences in the data set. The uncertainties are worst-case because (a) they include errors in registration as well as data reduction, (b) one of the overlapping windows was acquired with the lowest instrumental gain setting (1 on a scale of 1 to 3), and (c) the overlap south of Candor Chasma contains one of only two suspected water-ice clouds in the area covered by ISM. Worst-case effective uncertainties are listed Table II and shown graphically in Fig. 8 . They are 9 to 27 times smaller than the range of the spectral parameters' values, so that measured spectral heterogeneity is highly significant. In absolute terms, the worst-case uncertainties in 1-µm albedo and spectral slope are relatively large because they are dominated by inaccuracies in photometric and aerosol corrections. Band depths are largely unaffected by these corrections, so their uncertainties are smaller and more affected by SNR of the data. For data acquired at the higher instrumental gains, which cover five of the six windows, uncertainties in band depths could be up to ∼1.7 times smaller.
In the results of PCA discussed in Section 4.2, the first principal component describes "normal" soils that occupy >80% of the study areas. The normal soils are characterized by simple relationships between albedo and other spectral parameters (Fig. 8) . Three of remaining four principal components describe "anomalous" data that form outliers from the normal relationships among albedo, pyroxene band depth, spectral slope, and H 2 O band depth. In the four-dimensional space of these spectral parameters, the outlying data occur at distances from the normal relationships at least 2-6 times larger than the worst-case effective uncertainties. The outlying data clusters are also spatially coherent, and nearly all of them correspond to independently identifiable geologic or visible-color features.
Second, we bounded the effects of small errors in photometric correction and atmospheric and aerosol removal. PCA was repeated using data with all photometric and aerosol corrections made and using data with none made, and the results were compared. Table III shows that the principal components from the unprocessed and fully processed data are quite similar. The major results of our work are therefore not strongly dependent on even large errors in data reduction.
Third, the effects of data artifacts peculiar to any single window were investigated by running PCA independently on all possible sub-groups of five of the six windows. Artifacts from single windows are conceivable because four of the six analyzed windows were measured at the medium instrumental gain setting, one window was measured at the low setting, and one at the high setting. The results are shown in Table IV . The exclusion of any single window has no large effect, showing that results of PCA are not driven by errors in calibration or reduction of any single window.
Summary of Error Analysis
We have performed an exhaustive error analysis on the endto-end procedures used to reduce ISM data for this study. The radiometric calibration of ISM data has been shown to yield spectra that compare well with independent measurements of the same parts of Mars, with the exception of some published IRS spectra at 2.6-3.1 µm. In the latter case, differences in the phase angles of the observations may be partly responsible. The corrections we used for atmospheric gases have been shown to yield only minor artifacts at wavelengths which were analyzed further, and these artifacts can be isolated using PCA. The aerosol spectrum we used to remove the spectral effects of atmospheric particulates is strongly corroborated by independent Mariner 6/7 IRS measurements. We have also shown that propagated uncertainties in our procedures are much smaller than the spectral variations in surface materials, and that results of our data analysis would be only weakly affected by large errors in treatment of the atmosphere, had they occurred.
RESULTS AND DISCUSSION
Overview of Spectral Heterogeneities
In the "classical," two-component bright dust/dark mafic rock and sand model of the martian surface layer (e.g., Christensen and Moore 1992), all surface lithologies and spectral properties should be explainable by physical mixing of dust with rock and sand. The measured relationships among albedo, band depths, and spectral slope are displayed graphically in Fig. 8 , and the spatial variations in spectral parameters are mapped in Figs. 1b-1e. The 3-µm absorption, the 2-µm pyroxene absorption, and the 2.2-µm metal-OH absorption do exhibit some correlation with albedo. However, there are discrete regions with departures from the normal relationships much larger than effective uncertainties in the spectral parameters. Regions with such anomalous properties are candidates for different lithologies or the presence of additional mineralogical components. Figure 8a shows that depth of the 2-µm pyroxene absorption (Fig. 1c) is inversely correlated with albedo in most regions (Fig. 1b) . However, several regions exhibit a weaker absorption than expected purely from albedo. The clearest example is dark red soil in Lunae Planum, which is intermediate in albedo but nearly lacks a pyroxene absorption, like dust. To a lesser extent eastern Syrtis Major has a weakened pyroxene band, whereas dark gray soils in western Syrtis Major and on the floors of Melas, Eos, and Capri chasmata in Valles Marineris have uncommonly strong absorptions. The 2.2-µm absorption (Fig. 8c) is more highly correlated with albedo, so that the small variations in its depth (≤1%) can mostly be explained by mixing.
The depth of the 3-µm band (Fig. 1d ) exhibits a complicated relationship with albedo. The strength of this absorption is typically greater in bright than in dark regions (Fig. 8b) . However, there are discrete regions of all albedos in which the absorption is stronger than in normal bright regions. Overall, 3-µm band depth is therefore only loosely related to reflectance.
The most complicated relationship with albedo is that of spectral slope (Fig. 1e and Fig. 8d ). Spectral slope is low in the brightest and darkest materials. Previous claims that dark gray soils have a consistently negative slope due to a pervasive ferric contaminant (e.g., Singer et al. 1979) result from viewing the soils through atmospheric aerosols. As shown previously by Erard et al. (1994) , the additive component of backscattered light is largest relative to surface reflectance in dark regions, so dark-region spectra are simply most affected by the negatively sloped aerosol spectrum. However, some intermediate-to high-albedo soils do exhibit the negative continum expected for ferric-ferrous mineral mixtures, for example, in Libya Montes and Noctis Labyrinthus. There are also restricted locations of all albedos with locally very strong negative spectral slopes, especially eastern Syrtis Major, Sinus Meridiani, and layered material in western Candor Chasma.
Overall, the principal source of spectral heterogeneities unrelated to albedo is the 3-µm H 2 O band. In 81% of the analyzed surface, band depth is closely related to albedo (Fig. 8b) , with higher albedos corresponding to stronger absorptions. As such, these areas are given the short-hand designation "normal soils." The remaining 19% of the study area consists of those areas which have a stronger 3-µm H 2 O absorption than in normal soils of comparable reflectance, hence our short-hand designation "anomalous soils." They include dark gray layered deposits in Melas and Eos chasmata, intermediate-albedo dark red soils in Oxia and Lunae Planum, bright red layered deposits in western Candor Chasma, and intermediate-albedo materials in Sinus Meridiani.
In their attributes other than 3-µm band depth, anomalous soils are highly varied (Table V) . For example, the dark red soils in Oxia and Lunae Planum have an uncommonly weak pyroxene band for materials of their albedo, whereas the dark gray materials in Melas and Eos chasmata have an uncommonly strong pyroxene band (Fig. 1c) . Both of these anomalous soils types have the lowest observed spectral slopes. Intermediatealbedo anomalous soils in Sinus Meridiani and high-albedo anomalous soils in western Candor Chasma have the highest observed spectral slopes (Fig. 1e) . The possible lithologic significances of these variations are explored in the following section.
Principal Components and their Possible Physical Significances
The results of PCA of photometrically and aerosol-corrected, normalized, parameterized data are summarized in Table I . Estimated uncertainties in each of the principal components are given in Table IV . In summary, PC1, PC2, and PC3 account for ∼94% of the variance in the spectral parameters. PC1 represents the first-order spectral variations correlated with albedo. PC2 and PC3 represent enhancements in 3-µm H 2 O band depth, each accompanied by different variations in the other spectral parameters. All three principal component loadings are displayed in Fig. 1f in the red, blue, and green image planes, respectively. Large areas of the surface have distinctive principal component loadings, forming units with spatially coherent, similar spectral properties. These spectral units correspond to albedo features or geologic formations. PC4 and PC5 each accounts for <4% of the variance in the spectral parameters. PC4 is closely related to atmospheric path length, and it encapsulates small artifacts from removal of atmospheric gas absorptions. PC5 loading is significant in regions with an unusually strong or unusually weak 2-µm pyroxene band. High-PC5 regions, with weak pyroxene bands, also have 1-µm absorptions which are unusually short in wavelength for materials of their albedo. That is, they appear unusally ferric in character. Areas with a high PC5 loading are hachured in red in Fig. 1f , and areas with a low PC5 loading are hachured in green.
PC1. The first principal component, which accounts for 75.4% of the variance in the normalized parameterized data, is dominated by moderate positive correlations of albedo with 2.2-µm metal-OH and 3-µm H 2 O band depths, and a strong anticorrelation of albedo with 2-µm pyroxene band depth. A high loading of PC1 occurs in all bright soils, and a low loading occurs in all dark soils. High-PC1 soils have a ferric absorption near 0.86 µm, whereas low-PC1 soils have 1-and 2-µm bands consistent with pyroxene.
Interpretation of PC1.
Laboratory experiments show that spectral variations analogous to those represented by PC1 result from physical mixing of pyroxene-rich material with brighter ferric-or clay-containing material (Singer 1981 , 1982 , Singer and Roush 1983 , Fischer and Pieters 1993 . The minerals suggested by high loadings of PC1 include ferric minerals (evidenced by the short wavelength position of the 1-µm band), hydroxylated minerals (suggested by the 2.2-µm absorption), and water-bearing salts or silicates (indicated by the greater strength of the 3-µm band). These are predicted by thermodynamic models to result from oxidation and hydration of a pyroxene-rich, basaltic parent material (Gooding 1978 , Gooding et al. 1992 . PC1 is therefore most simply interpreted as representing the gradient in overall spectral properties between relatively unaltered, basaltic rock fragments and bright red dust (an altered weathering product).
PC2 and PC3.
One or the other of these two principal components has a high loading in all of the regions with enhanced 3-µm H 2 O band depths. However, PC2 and PC3 have different relationships to variations in spectral slope. PC2 accounts for 12.3% of the variance in the normalized parameterized data and is dominated by a strong positive correlation with 3-µm band depth and a strong anticorrelation with spectral slope. High PC2 loadings correspond to enhanced 3-µm absorptions (Figs. 1d  and 8b ) and the lowest observed spectral slopes (Figs. 1e and  8d) . Areas with high PC2 loadings have a light bluish to magenta hue in Fig. 1f , depending on the loading of PC1 (shown in the red image plane). Low-albedo, high-PC2 materials correspond with restricted dark gray soils in Melas, Eos, and Capri chasmata (light blue in Fig. 1f ). These dark soils exhibit the strongest observed 2-µm pyroxene band depths. Intermediate-albedo high-PC2 materials correspond with dark red soils in Lunae Planum and Oxia (light pink in Fig. 1f) . The short wavelength of their 1-µm band also indicates a ferric-dominated Fe mineralogy.
PC3 accounts for 7% of the variance in the normalized parameterized data and is strongly correlated both with spectral slope and with 3-µm band depth. In Figs. 8b and 8d , areas with high loadings of PC3, like areas with high PC2 loadings, stand out in the plot of 3-µm band depth vs albedo as having enhanced band strengths. In the plot of spectral slope vs albedo they exhibit the most negatively sloped continua. High-PC3 regions have a light greenish to yellowish hue in Fig. 1f , depending on the loading of PC1. Spatially, they correspond with the high-albedo layered deposits in western Candor Chasma (light yellow green in Fig. 1f ) and low-to intermediate-albedo soils in southeastern Lunae Planum and Sinus Meridiani (yellow to light green in Fig. 1f) .
Interpretation of PC2 and PC3. The two major possibilities for the physical significance of PC2 are differences in absorbed water content and compositional variations. We have no way to ascertain the possible importance of adsorbed water. However, if adsorbed water is responsible for enhanced 3-µm band depth, the abruptness of the boundaries in some band-depth variations and the variations' correspondence with albedo, color, and morphologic features are all suggestive of material properties that lead to differing adsorption of H 2 O.
Among compositional variations, at least four phases could plausibly account for enhanced 3-µm band depths. One is sulfates, whose presence in the surface layer has been inferred from Viking Lander and Mars Pathfinder data (Toulmin et al. 1977 . Bishop and Pieters's (1995) and Bishop and Murad's (1995) works showed that ferric sulfates such as schwertmannite, which are predicted thermodynamically to form under martian surface conditions by acid aqueous weathering (Burns 1994) , retain a strong 3-µm band against desiccation. The second possible phase is one or more hydrated ferric oxyhydroxides such as ferrihydrite, which exhibit similar water-retention under desiccation and which are also geochemically reasonable martian alteration products (Burns 1994) . The third is hydrovolcanic glass, which retains water due to its dissolution in the mineraloid matrix (Farrand and Singer 1991) . A fourth is hydrous carbonates, whose presence in the surface layer was proposed by Calvin et al. (1994) . Hydrous carbonates have only weak CO 3 overtones at 2.35 and 2.55 µm, so their presence might not be inconsistent with the weakness or lack of these features in ISM data (cf. Erard et al. 1991 ).
The strong correlation of PC3 with 3-µm band depth suggests that high PC3 surface materials also retain H 2 O against desiccation, and it may thus include one or more of the waterretaining phases suggested above. Laboratory studies of Mars analog materials Roush 1983, Fischer and have shown that either a bright ferric coating on a dark substrate or mixing of bright ferric material with dark particulate material will introduce a negative spectral slope consistent with PC3. A simple physical explanation for PC3 and its distinction from PC2 is that in PC2 the water-retaining phase is mixed with bright red dust whereas in PC3 the mixture coats or is admixed with dark substrate.
PC4. The fourth principal component accounts for only 3.8% of variance in the normalized parameterized data, and it is dominated by a strong positive correlation with strength of the 2.2-µm absorption. There is also a weak positive correlation with the 2-µm pyroxene band depth. PC4 accounts for one-third of the variance in 2.2-µm band depth and <1% of the variance in 2-µm pyroxene band depth.
Interpretation of PC4.
Alone among the principal components, PC4 loading is correlated with atmospheric path length in each window (mean r , 0.46). High loadings occur consistently in the topographically low regions (e.g., Valles Marineris, Isidis) regardless of their other spectral attributes, and loadings decrease with increasing elevation. The lowest loadings occur over Ascraeus Mons. PC4 appears to represent small artifacts from over-removal of the 2-and 2.7-µm CO 2 absorptions. The short-wavelength shoulder of the 2.2-µm band and the longwavelength shoulder of the pyroxene band are artificially elevated, yielding an artifical inflation of band depth.
PC5. The fifth principal component accounts for 1.6% of the variance in the normalized parameterized data and is characterized by anticorrelations with both albedo and 2-µm pyroxene band depth. High loadings imply darkening accompanied by weakening of pyroxene absorptions, the reverse of the strengthening of pyroxene absorptions at lower albedos represented by PC1. The highest PC5 loadings occur in dark red soil in Lunae Planum and in restricted dark gray soils, principally eastern Syrtis Major (hachured red in Fig. 1f ). High-PC5 regions are distinct on the plot of 2-µm pyroxene band depth against reflectance (Fig. 8b) , where they form a "low pyroxene band depth" outlier to the quasi-linear, inverse relationship between pyroxene band depth and reflectance. Conversely, low PC5 loadings (hachured in green in Fig. 1f ) imply enhanced pyroxene absorptions, and correspond with the darkest soils having the strongest pyroxene bands.
Interpretation of PC5.
Variations in PC5 loading could result from particle size differences that cause absorption strength variations, or from mineralogic differences. One possible mineralogic difference is the composition of pyroxene itself, which would be evidenced by variations in the relative depths and the wavelength positions of the 1-and 2-µm pyroxene absorptions. Low-Ca pyroxenes have a stronger 2-µm band than high-Ca pyroxenes and might account for areas of low PC5 (i.e., stronger pyroxene absorption). Mustard and Sunshine (1995, 1996) did identify variations within martian dark regions in the wavelength position of the 2-µm band and in its depth relative to that of the 1-µm band. Using Gaussian modeling to estimate mineralogy, they inferred differences in Ca content. However, low-PC5 areas include examples both of Mustard and Sunshine's lowest-Ca pyroxene (Eos and Melas Chasmata) and of the highest-Ca pyroxene (Syrtis Major), so this explanation appears untenable.
Alternatively, in high-PC5 areas, a low-albedo mineral could darken soils without contributing a 2-µm band like pyroxene. Plausible, low-albedo minerals include magnetite, ilmenite, or ferric minerals. To test these hypotheses, spectra from high-PC5 dark red soils in Lunae Planum were extracted and compared against spectra of normal soils with similar albedos (Fig. 9a) .
FIG. 9.
Comparison of dark red "anomalous bright I" soils with normal bright and transitional soils having comparable albedos. Data are shown only out to 2.6 µm to accentuate the spectral differences at shorter wavelengths. (a) Calibrated spectra after atmospheric, photometric, and aerosol corrections. (b) Same spectra, scaled to unity at 2.3 µm. Lower-albedo dark red soils exhibit a characteristic ferric absorption near 0.9 µm.
The dark red soils exhibit a consistently lesser spectral slope and a shorter-wavelength 0.9-µm band than do the normal soils. In Fig. 9b the dark red soil spectra are scaled to unity at 2.3 µm. With decreasing albedo, the ferric absorption increases in depth and shifts slightly in wavelength position, from ∼0.86 µm to near 0.90 µm. This wavelength shift is the opposite of that expected from the change in spectral slope, implying a difference in the 0.9-µm absorption. Nevertheless, the overall spectrum remains dust-like in appearance, and there is no accompanying 2-µm absorption to suggest the presence of pyroxene. The deepest, longest-wavelength ferric absorption occurs in the region of Lunae Planum having the highest loading of PC5. We therefore interpret high loadings of PC5 to represent a crystalline ferric mineral component. The deepened pyroxene bands represented by low loadings of PC5 might indicate "clean," relatively unweathered pyroxenes or, alternatively, particle size differences (cf. Crown and Pieters 1987) .
Principal Components, Spectral Units
Normal soils. In the principal components loading maps in Fig. 1f , normal soils form four groupings whose properties are summarized in Table V . "Normal bright soil," which has a deep pink hue in Fig. 1f , corresponds to most soils that are bright red at visible wavelengths. Representative spectra are shown in Fig. 3b . Normal bright soil exhibits a relatively strong 3-µm absorption, a very weak but still evident 2.2-µm absorption, and no 2-µm absorption indicating the absence or near absence of pyroxene. A shallow, ferric absorption band with a minimum near 0.86 µm and a flat-to-positive spectral slope also typify all of these soils. This grouping corresponds spatially to the large, bland areas of low thermal inertia interpreted as deposits of dust (Christensen 1986, Christensen and Moore 1992) , such that the terms "normal bright soil" and "dust" are synonymous.
"Normal dark I soil" is dark blue in Fig. 1f and corresponds to a sub-group of dark gray soils occurring in western Syrtis Major and Margaritifer Terra. Representative spectra are shown in Fig. 3b . These soils exhibit a relatively weak 3-µm band, no 2.2-µm feature, and moderately strong, broad 1-and 2-µm absorption bands consistent with pyroxene. Spectral slope is flat. All of these properties are consistent with criteria defining weakly altered mafic soils (cf. Mustard and Sunshine 1995, 1996) , such that normal dark I soil apparently represents relatively clean exposures of mafic crustal material with the least ferric contamination or alteration.
"Normal dark II" soils are dark green in Fig. 1f . Although their albedo is similar to that of normal dark I soils, they have a more negatively sloped spectral continuum (Fig. 10) and weaker pyroxene absorptions. They also exhibit an elevated loading of PC5, which as explained above is interpreted as an enrichment in crystalline ferric minerals. Geographically, normal dark II soils occur predominantly in eastern Syrtis Major.
Principal components analysis also distinguishes "transitional soils" along the boundaries of normal bright and normal dark soils. Transitional soils have a dull to medium orange hue in   FIG. 10 . Spectrum of normal dark II soil in eastern Syrtis Major, compared with other normal soils. Eastern Syrtis Major is distinguished from other dark soils by a more negative spectral slope and weakened absorptions. All spectra have been corrected photometrically and had light backscattered by aerosols removed. Fig. 1f . Representative spectra are shown in Fig. 3b . Transitional soils have loadings of PC1 intermediate to normal bright and dark soils, as well as intermediate 1-µm albedo, absorption depths, and 1-µm band positions. All of these properties are consistent with a mixed ferric-ferrous composition. However, PC3 loading is slightly elevated, consistent with the steepened spectral slope (e.g., Fig. 8d ).
Anomalous soils. Anomalous soils are also separable on the basis of principal component loadings into four groups. All have in common a high loading of either PC2 or PC3, due to their enhanced 3-µm bands. Which loading is high, as well as the loadings of PC1 and PC5, differs between the groups depending on their albedo, spectral slope, and Fe-mineral absorption characteristics.
The first anomalous group is "anomalous dark" soils (light blue in Fig. 1f ), which are characterized by low PC1 loadings, highly positive loadings of PC2, and low loadings of PC5. Representative spectra are compared with normal soils in Fig. 11 . These soils occur on low-albedo layered and related deposits in Eos and Melas Chasmata, and in Capri Chasma where smooth plains material is ponded within an outflow channel. All occurrences are dark gray at visible wavelengths. Anomalous dark soils exhibit very strong absorptions at 1 and 2 µm indicative of pyroxene, a flat spectral slope, and a strong H 2 O absorption. The high strength of both the H 2 O and the pyroxene absorptions is in contrast with the situation in normal soils, where a strong pyroxene band is accompanied by a relatively weak H 2 O band. As such, the anomalous dark soils apparently do not represent a distillation of the pure dark component present in normal dark I soils. Their low albedo, strong pyroxene absorptions, and low spectral slope are consistent with a pyroxene-rich lithology having minimal or no ferric contamination.
By far the largest geographic occurrence of anomalous soils are "anomalous bright I," corresponding to the dark red visible color unit in Oxia and Lunae Planum. These are magenta in Fig. 1f . Representative spectra are shown in Fig. 9 . Soils intermediate between this unit and normal bright soils have visible color intermediate to bright and dark red, and are colored medium pink in Fig. 1f . They are widespread and occupy the Tharsis plateau adjacent to Noctis Labyrinthus, the floor of the Isidis basin, and parts of Libya Montes. Anomalous bright I soils have a medium reflectance, a shorter-wavelength 0.9-µm band than in normal soils of comparable reflectance, a flat spectral slope, and a strong 3-µm H 2 O absorption. Anomalous bright I soils have a medium-to-high PC1 loading, plus a very high PC2 loading reflecting their unusually flat spectral slope and strong 3-µm band. The 3-µm band in Lunae Planum is the strongest observed in any region.
"Anomalous bright II" soils (bright yellow green in Fig. 1f ) are unique to the bright red interior deposits of western Candor Chasma. Representative spectra are shown in Fig. 11 . Like the lower-albedo anomalous dark soils elsewhere in Valles Marineris, anomalous bright II soils exhibit an enhanced 3-µm H 2 O band. However, the soils of western Candor are distinguished by the most negatively sloped spectral continuum of any observed soils. PC1 loadings are high, consistent with their intermediate to high albedo and the ferric 1-µm bands in Fig. 11 . PC3 loadings are also very high, consistent with their enhanced 3-µm band strength and spectral slope.
"Anomalous transitional" soils (bright green to yellow hue in Fig. 1f ) cover a range of low to intermediate albedos. They   FIG. 11 . Spectra of anomalous soils covering Valles Marineris interior deposits, compared with normal soils. Anomalous dark soils, in Eos and Melas Chasmata, are characterized by strong pyroxene absorptions and flat spectral slopes. Anomalous bright II soils, which occur on layered material in western Candor Chasma, are characterized by a ferric 1-µm band and the most negatively sloped spectral continuum. Data shown are calibrated spectra after atmospheric, photometric, and aerosol corrections. They are plotted only out to 2.6 µm to accentuate the spectral differences at shorter wavelengths.
FIG. 12.
Spectra of anomalous transitional soils compared with normal soils. Anomalous transitional soils are characterized by enhanced 3-µm H 2 O absorptions, but in other respects they resemble normal transitional soils. Data shown are calibrated spectra after atmospheric, photometric, and aerosol corrections. They are plotted only out to 2.6 µm to accentuate the spectral differences at shorter wavelengths.
are characterized by an elevated PC3 loading, though not as high as in western Candor Chasma, and their spectral slopes are not as negative as in western Candor. Geographically, anomalous transitional soils occupy southeastern Lunae Planum and Sinus Meridiani. Both occurrences are at the margins of dark red, anomalous bright I soils. Aside from their strong 3-µm band, anomalous transitional soils mostly resemble normal transitional soils-with intermediate reflectances, intermediate 2-µm pyroxene absorptions, and a moderately steep spectral slope. The representative spectra, shown compared to normal soils in Fig. 12 , would be undistinguished except for their unusually strong 3-µm band.
IMPLICATIONS FOR SURFACE COMPOSITION
Components of the Surface Layer: Comparison with Other Data
Most of the spectral variance in ISM data can be explained by differences in the relative abundances of the two canonical components of the surface layer, altered ferric dust and relatively unaltered, pyroxene-containing mafic material. PC1, which explains three-fourths of the normalized parameterized spectral variance, represents a gradient between these two end-members. The NIR spectral attributes of these two major surface components are summarized in Table VI .
We interpret the results of PCA also to reveal evidence for at least two additional components (Table VI) . The third component is the crystalline ferric phase(s) interpreted to occur in high-PC5 regions, especially Lunae Planum and eastern Syrtis A variety of spectral data from both ground-and space-based sensors corroborates the occurrence of regional concentrations of low-albedo, crystalline ferric minerals (Bell 1992 , Bell et al. 1997 , Merenyi et al. 1996a , 1996b . Eastern Syrtis Major, one of two large low-PC5 regions, has among the strongest observed ferric absorptions near 0.66 and 0.86 µm (Bell 1992 , Bell et al. 1997 . These bands are present in several of the ferric minerals proposed to occur on Mars based on thermodynamics, including hematite, goethite, and schwertmannite (Sherman et al. 1982 , Morris et al. 1985 , Bishop and Murad 1997 . Although the second large low-PC5 area (Lunae Planum) is not well-covered by telescopic measurements, analogous dark red soils were measured at the Mars Pathfinder landing site. IMP revealed spectral properties similar to those in ISM measurements of Lunae Planum. That is, the dark red soils have a spectral continuum comparable to that in the dust, but a deeper ferric absorption centered near 0.90 µm. The IMP spectra of dark red soils do not reveal a 0.66-µm absorption like that in eastern Syrtis, however, and more resemble maghemite or ferrihydrite .
Ground-and space-based observations also corroborate the existence of regional enhancements in 3-µm H 2 O band depth. Telescopic spectra (e.g., Bell and Crisp 1993) reveal broadscale regional differences in band depth. Higher spatial resolution measurements from IRS, covering eastern Valles Marineris, show regional variations in 3-µm band depth comparable in magnitude to those seen in the same region in ISM data (Calvin 1997) .
Phases possibly responsible for enhancements in 3-µm band depth could include hydrated carbonates, ferric oxyhydroxides, and hydrated sulfates. Remote sensing at other wavelengths and in situ analyses of elemental compositions are useful to evaluate which phase may be abundant enough to account for the small percentage of water in surface materials (Houck et al. 1973 , Yen et al. 1998 ) yet spatially variable enough to account for differences in 3-µm band depth. Neither in situ compositional analysis nor orbital remote sensing (Bell 1996 , Christensen et al. 2000a has revealed evidence for significant exposed carbonates. In situ compositional measurements by Mars Pathfinder show that there is little variation in the total abundance of iron minerals in altered soils, yet the spectral properties vary, suggesting differences in the mineralogy present . If some of the iron occurs in a hydrated phase such as ferrihydrite, then differences in ferric iron mineralogy could be partly responsible for differences in 3-µm band depth.
Another possible water-retaining phase thought both to be abundant and to vary spatially in abundance is sulfates, if they occur in hydrous form. Sulfates' presence on Mars is inferred from in situ analysis (Toulmin et al. 1977 , Rieder et al. 1997 , and at the Viking landing sites the cohesiveness of the soil is correlated with sulfur content, suggesting the occurrence of sulfate salts as a cementing phase (Clark and Van Hart 1981) . Regional variations in abundance of sulfates may be required to explain the compositions of bright red soils at the Viking and Pathfinder landing sites . The bright red soil at the Pathfinder site has a much lower S content than soils at the Viking sites. If surface materials are simply combinations of rock and dust, then dust at the Pathfinder site would have to be significantly poorer in S than dust at the two Viking sites. This is difficult to reconcile with the extensive eolian mixing of dust thought to occur on Mars (e.g., Greeley et al. 1992 ). This problem is resolved if elemental compositions result from mixing of three components, rock, dust, and sulfate cements. In that case, differences between the sites can be explained simply by a greater sulfate abundance at the Viking sites. From this evidence, ferric minerals and sulfate salts both appear to be candidates for a water-retaining phase evidenced by regional enhancements in the 3-µm H 2 O band.
Normal Soils: Evidence for Mixing of Mafic and Dust Components
Normal bright, normal transitional, and normal dark soils exhibit a continuum of albedos, band depths, and PC1 loadings. This is strongly suggestive of physical mixing of two components, dark mafic rock and sand and the altered, ferric dust composing bright red dust/normal bright soil. In fact, all regions with dark gray visible color, whether normal or anomalous, exhibit 1-and 2-µm absorptions consistent with pyroxene. The only spectral attribute of normal soils which does not vary linearly with albedo is spectral slope, which is low in dark and bright normal soils but higher in the intermediate-albedo transitional soils. These properties provide evidence for physical mixing of mafic and dust end-members. The spectral slopes of both loose, porous ferric particles and dark, coarse particulates are nearly flat. However, an intimate mixture of the same two components or a ferric coating on a dark, mafic substrate has a negative spectral slope (Morris and Neely 1981 , Singer and Roush 1983 , Fischer and Pieters 1993 .
Based on their strongly negative spectral slope but intermediate values of other spectral attributes, we interpret normal transitional soils to be simple physical mixtures of normal bright soil and normal dark I soil. For illustration, in Fig. 13 , the three normal soil types are represented on a continuum between ferric dust and mafic rock end-members. This interpretation is strongly supported by results from Mars Pathfinder. In situ elemental composition measurements and spectral measurements by IMP covered the gray rock, red rock, and drift units of . These correspond with normal dark I, transitional, and normal bright soils. The Mars Pathfinder measurements show that albedo is strongly correlated with visible color, that color is highly correlated with sulfur content, and that nearly all measured elements vary in abundance linearly with sulfur content. These relationships indicate that the surface materials are physical mixtures of bright, red, sulfur-rich dust and dark, gray, sulfurpoor rock.
In many normal transitional soils, bright red dust probably forms a loose, physically decoupled coating on normal dark rock or sand. The largest region of normal transitional soil, in Libya Montes (Fig. 1a) , has undergone historic changes in its albedo between relatively bright and relatively dark (Martin et al. 1992) . ISM observed the region during a bright phase. Similarly, both large regions of soils that were "normal dark I" at the time of ISM observations, western Syrtis Major (Christensen 1986 , Lee 1987 and Margaritifer Terra (McEwen 1992) , are known to wax and wane in albedo, presumably as thin fallout from dust storms is deposited and then removed by eolian stripping. If observed at another time, either or both of these normal dark I soils might have been considered "transitional."
In contrast, in normal dark II soils such as in eastern Syrtis Major, the dust may be firmly cemented to the mafic substrate possibly by a crystalline ferric phase. Bell (1992) and Bell et al. (1997) showed that eastern Syrtis also exhibits an unusually strong 0.66-µm absorption consistent with any of several ferric minerals. Mustard et al. (1993) corroborated this work by showing that eastern Syrtis's 1-µm absorption is elongated toward shorter wavelengths, indicating the presence of a crystalline ferric mineral in addition to pyroxene. Mustard et al. also noted that albedo characteristics of eastern Syrtis are stable over time and suggested that the dust is cemented to rock or alternatively that rock surfaces could be oxidatively weathered. Recent analysis of IMP imagery of the Mars Pathfinder landing site supports Mustard et al.'s cemented dust model. Barnouin-Jha et al. (2000) showed that dust-coated rocks exhibit evidence for a 0.66-µm band absent from both loose dust and uncoated rock and that this band becomes stronger as the rocks become redder and progressively more dust-coated. The band is strongest where all mafic spectral characteristics of the underlying rock have been hidden by the coatings. A physical mechanism for growth of new ferric minerals in dust coatings was proposed by Bishop (1999) . In her model, sulfate-containing dust adheres to rock and, in the presence of thin films or monolayers of liquid water, the sulfates react with dust diagenetically to form new ferric minerals.
Dark Red and Associated Soils: Evidence for Duricrust
One of the most important results of this study is the consistent, distinctive spectral signature of the dark red visible-color unit, which corresponds to anomalous bright I soil (Figs. 1f and 9). Presley and Arvidson (1988) and Christensen and Moore (1992) synthesized evidence from radar, thermal, and albedo properties and concluded that the dark red color unit is most likely an exposure of a duricrust substrate to the overlying, mobile sediment, like the indurated hardpan found at the Viking Lander sites (Mutch et al. 1977) . Results from ISM are consistent with this interpretation. Samples of duricrust analyzed at the Viking Lander sites are enriched in sulfur most likely occurring as sulfates (Clark and VanHart 1981) . Based on the geochemical arguments summarized above, sulfates are one of the plausible water-retaining phases. The high-PC2 component, which is more concentrated in dark red soils, is most simply interpreted as a water-bearing mineral phase.
The spectral attributes of the dark red soils suggest that they are predominantly composed of dust rather than a dust-rock mixture, at least at the optical surface. Compared with normal soils of similar reflectance, both major dark red areas (Oxia and Lunae Planum) have a relatively short-wavelength 0.9-µm absorption, like that in dust except deepened. Neither occurrence of dark red soil exhibits significant evidence for a 2-µm pyroxene band. The only compositional differences from dust suggested by spectral evidence are an enrichment in water-retaining minerals and, in some cases such as in Lunae Planum, one or more crystalline ferric minerals.
Our interpretation of dark red soils as dust with minor additions of water-bearing and crystalline ferric phases is well supported by in situ compositional measurements. At the Mars Pathfinder landing site, IMP measured dark red soils and found the same spectral contrast with dust as in ISM data: a lower albedo and deeper 0.9-µm absorption, but a comparable spectral continuum. The elemental analysis of one of these dark red soils proved indistinguishable from dust. The deeper 0.9-µm ferric absorption must be explained by either a difference in overall ferric mineral crystallinity or the presence of perhaps ∼2% of the Fe in a more crystalline ferric mineral (cf. , Bell et al. 1990 .
Anomalous transitional soils, which occur at the margins of dark red soils, have most of the attributes of normal transitional soils plus an enhanced 3-µm band. Their intermediate PC1 loading and 1-µm absorption indicate that their mineralogy is not dominated strictly by dust, but is consistent with a mixture of dust with mafic rock or sand. However, their close spatial association with dark red (anomalous bright I) soils hints at a relationship. Some anomalous transitional soils could simply be a variant of the dark red soils, a mixture of dust and mafics cemented by a water-retaining phase rather than just cemented dust. Alternatively, some anomalous transitional soils could be variants of the normal dark II soils, dust cemented onto rock by a hydrated mineral.
Possible interpretations of anomalous bright I and anomalous transitional soils are represented in Fig. 13 . Anomalous bright I soil is shown on a mixing line between ferric dust and a waterretaining phase, with admixture of a crystalline ferric component in Lunae Planum. Anomalous transitional soil is shown as a mixture of the ferric dust, mafic rock, and water-retaining components.
Interior Deposits of Valles Marineris: Evidence for Volcanism
The interior deposits of Valles Marineris are some of the most intriguing geologic formations on Mars, because of morphologic evidence that they were formed in a liquid water environment. The most famous are the layered deposits (Nedell et al. 1987) . Transitional to the "layered" deposits is the massive unit mapped by Witbeck et al. (1991) as unit Hml or "mottled material." Several hypotheses for the origin of layered and mottled materials have been proposed. These include subaerial fluvial deposition, volcanic flows (Lucchitta 1981 , Lucchitta et al. 1992 , deposition of carbonates in a lacustrine environment (McKay and Nedell 1988) , subaerial deposition of dust (Peterson 1981) , and hydrovolcanism in a lacustrine environment (Nedell et al. 1987) .
ISM observations cover both major occurrences of the mottled unit plus layered material in Candor Chasma (Fig. 11) . Each unit is covered by a distinctive, anomalous soil. The mottled materials coincide with anomalous dark soils, and the layered material in western Candor Chasma coincides with anomalous bright II soil. Small deposits with anomalous visible color characteristics, identified by Geissler et al. (1994) , lie within the western Candor layered material but are below the resolution of the 3 × 3 pixel filtered data. This correlation of spectral properties with geology-not observed elsewhere in our study areasuggests that these two anomalous units are the spectral signatures of either fresh or weathered local bedrock, so that observed spectral properties may provide tests for proposed genetic mechanisms. The strong pyroxene absorptions in mottled materials and the mixed ferric-ferrous spectral character of the layered deposits rule out an origin by sedimentation of dust. Mustard and Sunshine (1995, 1996) found that the pyroxene absorptions in mottled materials are best fit by a composition significantly richer in low-Ca pyroxene than in the surrounding highlands. This is inconsistent with either subaerial or fluvial deposition of materials that originate from the surrounding plateau. Also, in a dedicated search for carbonate absorptions at 2.35 and 2.55 µm, Erard et al. (1991) found no evidence for carbonates in any of the Valles Marineris interior deposits. Thus, neither the layered nor the mottled materials can be limestones, although accessory carbonates cannot be ruled out.
The only previously proposed genetic mechanisms consistent with spectral constraints from ISM involve volcanism restricted to the interiors of the chasmata, of either a subaerial or subaqueous nature. The enhanced 3-µm band in the mottled material might be attributable to the presence of the same water-retaining phase as proposed in other anomalous soils; the stronger pyroxene absorptions than in normal dark soils could result from particle size differences or the absence of masking ferric phases, as suggested by the low loadings of PC5. In the layered material of western Candor Chasma (anomalous bright II soil), the negative spectral slope and strong 3-µm absorption could result from a coating or rind containing a hydrated ferric mineral, or a mixture of dust, mafics, and the water-retaining phase as in anomalous transitional soils.
Alternatively, the morphologic evidence for past liquid water in the chasmata inevitably draws attention to the hydrovolcanic hypothesis of Nedell et al. (1987) . The spectral effects of hydrovolcanism, described by Farrand and Singer (1991) , are summarized in Fig. 14 . In hydrovolcanism, lava can incorporate and react with water to widely varying degrees. Lavas having undergone the least incorporation of water form dark psideromelanes with moderate mafic glass absorptions and weak or absent H 2 O bands (Fig. 14, bottom) . Slight alteration by water increases the depth of the mafic absorptions while introducing significant H 2 O absorptions (Fig. 14, middle) . Greater alteration leads to formation of oxidized palagonite character-FIG. 14. Spectra of hydrovolcanic deposits having undergone differing degrees of palagonitization, from Farrand and Singer (1991) .
ized by higher reflectance, the presence of ferric minerals, and further increases in H 2 O absorptions due to greater water content (Fig. 14, top) . This sequence of spectral changes parallels that observed among layered and mottled materials. Anomalous dark soils (mottled material) have strong absorptions due to both mafic minerals and H 2 O, as in slightly altered lavas. Anomalous bright II soils (western Candor Chasma layered material) have strongly elevated albedos, a mixed ferrous-ferric 1-µm band, and a strong 3-µm absorption as in oxidized palagonites. Thus, although ISM spectral data do not uniquely identify the origin of the layered deposits, they do establish that the layered deposits have a unique spectral signature consistent with a volcanic origin.
Synthesis of Lithology of the Surface Layer
In Fig. 13 we summarize possible interpretations of the NIR spectral heterogeneities of the martian surface layer, as resulting from mixtures of four mineralogic components. The vertices of the unfolded tetrahedron represent four end-members, ferric dust, mafic rock and sand, the water-retaining phase, and a crystalline ferric component. In this diagram, normal bright, normal transitional, and normal dark I soils are simple physical mixtures of ferric dust and mafic rocks and sand. Normal dark II soils are mafic-dominated, with an additional crystalline ferric component. Most of the anomalous soils represent ferric dust enriched in the water-retaining phase, sometimes intermixed with ferrous mafics or the crystalline ferric component.
SUMMARY
(1) At NIR wavelengths, the three visible color units of the martian surface layer break down into smaller groupings with differences in strengths of mineralogic absorptions due to pyroxene, ferric minerals, and water, as well as differences in spectral slope. Regional differences in composition of the dark gray and bright red units are hidden at visible wavelengths by reason of insufficient wavelength coverage and resolution. Only the dark red soils remain reasonably distinctive in the near-infrared.
(2) Eighty-one percent of the study area consists of "normal" bright red and dark gray soils in which increasing reflectance is accompanied by a shift from pyroxene to ferric mineralogic absorptions, deepening of the 3-µm H 2 O absorption, and development of a weak 2.2-µm band possibly attributable to a hydroxylated mineral. These trends are interpreted to result from physical mixing of weakly altered basaltic crustal material with heavily altered dust. A steep spectral slope in intermediate-albedo normal soils is explainable as a textural effect of dust mixing with or coating rocks or sand. This interpretation is strongly supported by in situ measurements of elemental compositions of soils and rocks at the Mars Pathfinder landing site .
(3) The remaining 19% of the study area is "anomalous" and consistently exhibits a stronger 3-µm band than in normal soils of comparable albedo. This enhancement is plausibly explained by increased abundance of a minor water-bearing mineral phase, possibly hydrated ferric minerals or sulfates. In other ways, anomalous soils are compositionally varied.
(4) Dark red soils consistently exhibit a low spectral slope and a 0.9-µm ferric mineral absorption similar to that in dust. However, they also consistently exhibit a stronger 3-µm band than in dust. These soils are interpreted to consist largely of dust enriched in the water-retaining phase, and possibly cemented into a duricrust. In situ measurement of the elemental composition of dark red soil at the Mars Pathfinder landing site strongly supports a composition nearly identical to dust.
(5) Significant parts of the martian surface are darkened by a mineral lacking the 2-µm pyroxene absorption. ISM spectra of one such region, Lunae Planum, show an enhanced 0.9-µm absorption suggesting that the responsible phase is a crystalline ferric mineral. IMP visible-wavelength spectra of comparable dark red soil at the Mars Pathfinder landing site also show this 0.9-µm feature. The IMP spectra have been interpreted to indicate either ferrihydrite or maghemite . However, the second major darkened region, eastern Syrtis Major, has been shown in telescopic data to exhibit a 0.66-µm absorption indicative of a different ferric mineralogy, perhaps hematite, schwertmannite, or goethite.
(6) These variations in NIR spectral properties imply at least four components of the surface layer, the canonical dust and weakly altered mafic particulates, plus a low-albedo crystalline ferric component and a component that retains a strong 3-µm H 2 O absorption under the desiccating martian climatic conditions.
(7) In contrast with other observed geologic formations, the layered and mottled materials in Valles Marineris exhibit distinctive spectral signatures. These include an anomalously strong 3-µm absorption and pyroxene absorptions which imply a mineralogy distinct from normal dark soils on the surrounding highlands. No evidence of carbonates is observed in these materials. These results are consistent with proposed genetic mechanisms which involve volcanism restricted to the interiors of the chasmata, of either a subaerial or subaqueous nature.
